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ABSTRACT: The proliferation of energy-efficient light-emitting diode
(LED) lighting has resulted in continued exposure to blue light, which has
been linked to cataract formation, circadian disruption, and mood disorders.
Blue light can be readily minimized in pursuit of “human-centric” lighting
using a violet LED chip (λem ≈ 405 nm) downconverted by red, green, and
blue-emitting phosphors. However, few phosphors efficiently convert violet
light to blue light. This work reports a new phosphor that meets this demand.
Na2MgPO4F:Eu

2+ can be excited by a violet LED yielding an efficient, bright
blue emission. The material also shows zero thermal quenching and has
outstanding chromatic stability. The chemical robustness of the phosphor was
also confirmed through prolonged exposure to water and high temperatures.
A prototype device using a 405 nm LED, Na2MgPO4F:Eu

2+, and a green and red-emitting phosphor produces a warm white light
with a higher color rendering index than a commercially purchased LED light bulb while significantly reducing the blue component.
These results demonstrate the capability of Na2MgPO4F:Eu

2+ as a next-generation phosphor capable of advancing human-centric
lighting.
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1. INTRODUCTION

The concept of human-centric lighting stems from the evolution
of sunlight’s intensity and correlated color temperature (CCT)
throughout the course of a day. This natural progression of
bright cold white light during the middle of the day to a softer
warm white light in the evening stimulates intrinsic photo-
sensitive retinal ganglion cells that control our circadian
rhythm.1 These cells are activated by the blue-hue of daylight
to produce dopamine and cortisol while suppressing melatonin,
the sleep hormone, to keep humans awake and alert.2 The
current generation of energy-efficient light-emitting diode
(LED) lights reproduce daylight (CCT > 4500 K) by converting
the blue emission from an InGaN LED chip (λem≈ 450 nm) to a
broad spectrum white light using the yellow-emitting
Y3Al5O12:Ce

3+ phosphor, illustrated by the spectrum in Figure
1a.3 The blue LED emission also overlaps with the maximum of
the wavelength-dependent melatonin suppression curve (Figure
1a, gray dashed), which, combined with the high CCT, makes it
ideal for increasing concentration and stamina during the
daytime.4 LED bulbs can be tuned to warm white light (CCT ≈
2700 K), as required for nighttime lighting, by adding a second
red-emitting phosphor such as Sr2Si5N8:Eu

2+ shown in Figure
1b; however, the prevalence of the blue emission from the LED
remains.5,6 The resulting chronic blue light exposure has been
shown to cause macular degeneration, cataract formation, mood
disorders, and circadian disruption, resulting in insomnia and
fatigue.7,8 Therefore, the production of a human-centric warm
white light for nighttime use depends onminimizing blue light in
LED bulbs.
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Figure 1. (a) Cold white light generated by combining a blue LED and
yellow-emitting Y3Al5O12:Ce

3+ overlaps significantly with a wavelength-
dependent melatonin curve (gray, dashed), making it ideal for daytime
lighting. (b) Addition of red-emitting Sr2Si5N8:Eu

2+ produces a warmer
white light, but the prevalent blue LED emission remains and can
inhibit melatonin production.
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Reducing the intensity of blue light from the LED chip can be
achieved using a violet LED chip (λem ≈ 405 nm) with red,
green, and blue-emitting phosphors. White light produced from
violet LEDs has additional benefits, including a higher color
rendering index (CRI) and luminous efficacy and a lower
probability of droop than traditional blue LEDs.9 This approach
also allows for full coverage of the near-UV to the blue region for
a continuous spectrum and the formation of a wider color gamut
for greater color tunability and selectivity.10 However, the main
consequence of using a violet LED is that the phosphors must
have a high photoluminescent quantum yield (PLQY) under
405 nm excitation to overcome the inherent Stokes’ loss.11

Moreover, the phosphors must resist a loss in emission intensity
and chromaticity drift as a function of temperature to ensure an
unwavering emission color when observed by the average
human eye.12

There are currently many red and green-emitting phosphors
that satisfy all of these requirements. However, most blue-
emitting materials reported in the literature cannot be excited by
violet light.4,6,13,14 The most popular blue emitter is arguably
BaMgAl10O17:Eu

2+ (BAM:Eu2+). This material has been used in
domestic lighting and plasma display-based technologies due to
its high PLQY upon excitation with UV (λex = 365 nm; PLQY≈
99%) and violet (λex = 400 nm; PLQY = 90%) light, following
years of optimization.15 The main drawback is that BAM:Eu2+

can be readily hydrolyzed and the rare-earth ion oxidized from
Eu2+ to Eu3+. This results in noticeable shifts in the emission
wavelength and decreased emission intensity upon prolonged
operation.16,17 There are other blue-emitting phosphors with
strong absorption in the violet region such as Sr3MgSi2O8:Eu

2+

and Ca5(PO4)3Cl:Eu
2+, but these phosphors suffer from poor

thermal stability and efficiency, respectively.18,19 There are few
efficient blue-emitting phosphors under 400 nm excitation.
SrLu2O4:Ce

3+ (PLQY = 76%) and Ba9Sc2Si6O24:Ce
3+ (PLQY =

57%) have both been evaluated, although the cost of Lu and Sc
make industrial-scale production of these materials cost-
prohibitive.20,21 It is more common to have efficient cyan
emis s ion under v io le t l i gh t exc i t a t ion , l i ke in
RbNa3(Li3SiO4)4:Eu

2+ and YScSi4N6C:Ce
3+;22−26 however,

cyan light (λem ≈ 480−520 nm) overlaps with the center of
the wavelength-dependent melatonin suppression curve (λmax =
484 nm), where melatonin suppression is maximized.7,27

Herein, we report a new violet excited, blue-emitting
fluorophosphate phosphor, Na2MgPO4F:Eu

2+. The compound
can be synthesized through one-step sintering of naturally
abundant precursors. Most importantly, the phosphor possesses
a highly efficient, thermally stable blue emission when excited
with violet light. The chemical and thermal stability of
(Na1.92Eu0.04)MgPO4F was also confirmed through prolonged
exposure to water and high temperatures. Finally, a prototype
device driven by a 405 nm LED employing (Na1.92Eu0.04)-
MgPO4F generates a full-spectrum warm white light. There is a
considerable reduction of blue light produced by the device
while maintaining excellent color rendering. In combination,
these results express the suitability and potential for
Na2MgPO4F:Eu

2+ in violet LED devices to produce a warm
white light that is optimal for humans.

2. METHODOLOGY
2.1. Material Synthesis, Optical Characterization, and

Prototype Development. (Na2−2xEux)MgPO4F (x = 0,
0.005, 0.01, 0.02, 0.04, and 0.06) was prepared via solid-state
reaction starting from Na2CO3 (Sigma-Aldrich, 99.95%), MgO

(Sigma-Aldrich, 99.995%), NH4H2PO4 (Acros Organics,
99.9%), MgF2 (Sigma-Aldrich, 99.99%), and Eu2O3 (Alfa
Aesar, 99.99%) in the appropriate stoichiometric ratios. An
additional 7.5 wt % of Na2CO3 was added to compensate for
evaporation during synthesis. The starting reagents were initially
ground in an acetone medium using an agate mortar and pestle
and then further ground for 100 min with a high-energy ball mill
(Spex 800MMixer/Mill). The powder was then pressed into a 6
mm diameter pellet, placed on a bed of sacrificial powder in an
alumina crucible (AdValue Technology), and sintered at 825 °C
for 8 h under flowing 5% H2/95% N2 gas with a heating and
cooling rate of 3 °C min−1.
The products were re-ground using an agate mortar and

pestle. Phase purity was confirmed by X-ray powder diffraction
on a PanAnalytical X’Pert diffractometer using Cu Kα radiation
(1.54183 Å) and high-energy synchrotron radiation using the
11-BM at the Advanced Photon Source (0.457868 Å). The
synchrotron data were collected at 100 K. The Rietveld
refinement was conducted using the GSAS software and
EXPGUI interface.28 The rare-earth occupation in the refine-
ment was fixed due to the low substitution concentration. The
final crystal structure was visualized using VESTA.29 Scanning
electron microscopy (SEM) and energy-dispersive X-ray
spectroscopy (EDS) measurements were collected using a
Phenom Pharos scanning electron microscope attached with a
25 mm2 silicon drift detector (SDD) energy-dispersive X-ray
spectrometer (Thermo Fisher Scientific). An accelerating
voltage of 15 keV and an emission current of 12 μA were
used. The powder was mounted on carbon tape, and at least five
independent points of EDS analysis were analyzed on different
areas of the polycrystalline sample to determine the average
composition. The average particle size was determined based on
an analysis of ∼1500 particles.
The phase pure samples were deposited on a quartz slide

(Chemglass) after being mixed in an optically transparent
silicone resin (GE Silicones, RTV 615). Photoluminescent
spectra were recorded on a Horiba Fluoromax-4 fluorescence
spectrophotometer with a 150 W xenon arc lamp for excitation.
Temperature-dependent emission spectra were obtained using a
PTI fluorescence spectrophotometer with a 75 W xenon arc
lamp for excitation and a Janis cryostat (VPF-100) for a
temperature-controlled environment from 80 to 640 K. The
internal photoluminescent quantum yield (PLQY) and external
quantum efficiency (EQE) were determined following the
methodology of de Mello et al. using a Spectralon-coated
integrating sphere (Labsphere) with an inner diameter of 150
mm.30 The aliovalent substitution results in defect-induced trap
states, which can influence the ability to measure the PLQY
accurately. Thus, the sample was heated in the dark for 5 min at
140 °C to release any trapped electrons. The PLQY measure-
ments could then be reproducibly carried out. The same
procedure was followed to determine the PLQY of commercially
purchased BaMgAl10O17:Eu

2+. Temperature-dependent lumi-
nescent decay curves were obtained using a NanoLED N-363
nm LED coupled to a Horiba DeltaFlex Lifetime System.
Fabrication of a pc-LED involved using (Na1.92Eu0.04)MgPO4F,
commercially available β-SiAlON:Eu2+ (Mitsubishi Chemical
Corporation), and in-house prepared Sr2Si5N8:Eu

2+. The ratio
of each phosphor was optimized to 4.23 wt % Sr2Si5N8:Eu

2+, 52
wt % (Na1.92Eu0.04)MgPO4F, and 2.94 wt % of β-SiAlON:Eu2+

for the 405 nm LED device. The phosphors were weighed out in
the appropriate ratios and mixed in the GE silicone resin. The
phosphor “cap” was prepared by curing the phosphor resin in a
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custom brass mold and excited using a 405 nm LED driven by a
forward bias of 20 mA. The white light spectrum of the
prototype was directly compared to the spectrum of a “Soft
White” Sylvania 60 W equivalent LED light bulb (A19, 8.5 W,
800 lumen, CCT = 2700 K). Both devices’ luminescence spectra
and performance were characterized using an Avasphere-5-
IRRAD spectrophotometer and AvaSoft 8 software.
2.2. Chemical and Thermal Stability. The phosphor’s

stability against hydrolysis was investigated by dispersing the as-
prepared powder in deionized water for 7, 14, and 21 days. A
magnetic stir plate was used to continually agitate the powder in
the water with a speed of 200 rpm. This same study was repeated
using commercially purchased BaMgAl10O17:Eu

2+ (BAM:Eu2+).
The oxidation resistance of the rare-earth ion in (Na1.92Eu0.04)-
MgPO4F was also investigated by annealing the phosphor at 80,
120, 160, and 300 °C for a total of 48 days. The powder X-ray
diffractograms, emission spectra, SEM-EDS, and photolumines-
cent quantum yield of the annealed and hydrolyzed samples
were collected after testing to identify any structural, chemical,
or optical changes. To compare the performance of the
fluorophosphate phosphor to BAM:Eu2+, samples of commer-
cial-grade BAM:Eu2+ were also annealed at 120, 160, and 300 °C
for 20 days. The powder X-ray diffractograms, emission spectra,
and photoluminescent quantum yield were collected every 5
days.

3. RESULTS AND DISCUSSION
3.1. Synthesis and Crystallography. This compound was

originally prepared as single crystals from the slow cooling of a
melt of the appropriate precursors.31 Here, (Na2−2xEux)-
MgPO4F (x = 0, 0.005, 0.01, 0.02, 0.04, and 0.06) is prepared
as a polycrystalline product for the first time by sintering at 825
°C, as seen in Figure S1. The single reaction at moderate
temperatures allows for easily scaled production of this material.
Scanning electron microscopy (SEM) revealed irregular particle
morphology and an average particle size of 8.36 μm (Figure
S2a), while the energy-dispersive X-ray spectrum (EDS) (Figure
S2b) and element mapping (Figure S2c) show that all of the
loaded elements are present and homogeneously dispersed
throughout each particle. The average composition by EDS was
Na1.96MgP0.88O4.29F1.02, closely resembling the nominally loaded
composition (Table S1). The Rietveld refinement of high-
energy synchrotron X-ray powder diffraction (11-BM at APS) of
Na1.92Eu0.04MgPO4F (Figure 2a) also shows excellent agree-
ment with the published crystal structure. The refinement
statistics are provided in Table S2, and the refined crystal
structure data is provided in Tables S3.
Na2MgPO4F crystallizes in the orthorhombic space group

Pbcn (No. 60). The crystal structure’s rigid backbone is
composed of densely connected Na2MgF2O11 units (Figure
2b). This complex unit is constructed from two crystallo-
graphically independent, Na-centered, NaO5F2 polyhedra that
are face sharing with two highly distorted MgO4F2 octahedra.

31

The phosphorous atoms are tetrahedrally coordinated by
oxygen and sit between the clusters. The substitution of Eu2+

ions are expected to occur for one or both of the Na+ ions despite
being isovalent with Mg2+ because Eu2+ (r6‑coord = 1.17 Å; r7‑coord
= 1.20 Å) is much closer in size to Na+ (r7‑coord = 1.12 Å) than
Mg2+ (r6‑coord = 0.720 Å).32

3.2. Photoluminescence Properties. Substituting Eu2+

for Na+ following (Na2−2xEux)MgPO4F (x = 0.005, 0.01, 0.02,
0.04, and 0.06) yields a bright blue light easily visible using a UV
flashlight. Examining the excitation spectrum indicates four

main peaks centered at approximately 275, 340, 365, and 400
nm (Figure 3a). Blue-emitting phosphors exhibiting excitation

maxima at ∼340 and ∼365 nm are common; however, the fact
that this phosphor can be excited at 400 nm and produce blue
light implies a uniquely short Stokes’ shift. This is particularly
critical for the reduction of blue emission for human-centric
warm LED lighting.14

Irradiating (Na2−2xEux)MgPO4F (x = 0.005, 0.01, 0.02, 0.04,
and 0.06) at each excitation maximum yields an emission curve
centered from 446 to 457 nm depending on the value of x. The
observed red shift is ascribed to the incorporation of Eu2+,
shortening the average polyhedral bond length and enhancing
the rare-earth’s 5d crystal field splitting. The emission peak also
broadens slightly as a function of rare-earth concentration
(Figure S3). The emission curve of (Na1.92Eu0.04)MgPO4F,
shown in Figure 3a, was monitored under 365 nm excitation to
ensure that the entire emission curve was captured for further
analysis. This emission peak can be deconvoluted into two
Gaussian curves due to the simultaneous substitution of Eu2+ on
both the Na(1) and Na(2) sites, as suggested by the crystal
structure refinement data. The curves are separated by only
∼1500 cm−1 with the integrated peak areas in an approximate
1:3 ratio. The dual substitution is further corroborated by fitting

Figure 2. (a) Rietveld refinement of Na1.92Eu0.04MgPO4F. The black
circles represent the measured data, the refinement fit is in blue, and the
gray line represents the difference. (b) The structure of Na2MgPO4F is
composed of two crystallographically independent NaO5F2 polyhedra.

Figure 3. (a) Excitation (λem = 456 nm) and emission (λex = 365 nm)
spectra of (Na1.92Eu0.04)MgPO4F. The dashed yellow line is the fit. The
inset is a photograph of the phosphor under an ultraviolet lamp (λex =
365 nm). (b) Room-temperature PLQY of (Na1.92Eu0.04)MgPO4F
using different excitation wavelengths.
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the luminescent decay curve to a biexponential, yielding
lifetimes of τ1 = 1.04 μs and τ2 = 0.66 μs (τavg = 0.85 μs) upon
363 nm excitation. It is important to note that the shape of the
decay curve and subsequent lifetime does not change after
detrapping the phosphor. The observed broadening in the
emission peak upon increasing Eu2+ concentration can thus be
attributed to an increased energy transfer from the higher energy
luminescent center to the lower energy luminescent center
(Figure S3).33 The 1931 CIE coordinates of (Na1.92Eu0.04)-
MgPO4F under 400 nm excitation are (0.152, 0.124) and depict
the deep blue emission color visually observed for this material’s
luminescence. The full width at half-maximum of the emission of
(Na1.92Eu0.04)MgPO4F is 79 nm (3782 cm−1), which is ideal for
covering the blue and cyan region of the visible region when
excited by a violet LED and produces a full-spectrum white
light.22

The room-temperature internal photoluminescent quantum
yield (PLQY) of (Na2−2xEux)MgPO4F under 400 nm excitation
was subsequently measured by following the methodology of de
Mello et al. to determine the optimal Eu2+ concentration,
maximum PLQY, and compatibility of the phosphor with a
violet LED chip.30 As plotted in Figure S4, the PLQY of
(Na2−2xEux)MgPO4F reaches a maximum of 71.8(9)%when x =
0.04. The maximum external quantum efficiency (EQE) at this
substitution concentration is 18.1(7)% (Figure S5a). Increasing
the Eu2+ concentration causes the efficiency to drop due to
concentration quenching and charge transfer from the face-
sharing polyhedral environments around the luminescent
centers. This PLQY surpasses Ca4.98Eu0.02(PO4)3Cl (PLQY =
25%) and is similar to (Ca1−xCex)6Ba(P1−6x/4Si6x/4)4O17 (PLQY
= 70%) but falls behind Ca2PO4Cl:Eu

2+ (PLQY = 84.8%) and
commercially purchased BaMgAl10O17:Eu

2+ (PLQY = 90%)
under violet excitation.19,34,35 The PLQY and EQE of
(Na1.92Eu0.04)MgPO4F was also measured across its excitation
band, spanning the near-UV and visible region, provided in
Figures 3b and S5b, respectively. Under 365 nm excitation, the
PLQY is 93.4(3)% and linearly decreases to 71.2(1)% under 385
nm and finally to 35.1(6)% at 415 nm. The EQE follows a similar
trend with a maximum of 42.0(2)% upon 365 nm excitation that
decreases to 6.1(5)% at 415 nm. The impressive efficiency of
Na1.92Eu0.04MgPO4F when excited by violet light indicates that
this phosphor is viable for device integration, especially
considering post-processing techniques such as additional
sintering and improved particle morphology can improve the
PLQY and drastically increase the EQE.
Phosphors considered for LED-based lighting applications

must also possess a thermally robust emission with chromaticity
stability.12 Indeed, LED light bulbs operate at ∼423 K, which
can negatively impact the shape, maximum, and intensity of the
emission curve.36 Thus, the emission spectrum of (Na1.92Eu0.04)-
MgPO4F was measured from 80 to 640 K under 365 nm (Figure
4a) and 400 nm (Figure S6) excitation to determine how the
emission peak changes as a function of temperature. At 80 K
(blue), two emission peaks from Eu2+ substituting on the two
Na+ sites can be resolved. Incrementally increasing the
temperature causes the higher energy peak to increase in
intensity (purple) before the low energy peak begins to
preferentially quench (red). A slight blue shift in the emission
spectra can be observed between 100, 300, and 500 K. The blue
shift is due to the combination of an increase in the intensity of
the higher energy peak as a function of temperature and the
preferential quenching of the low energy peak at elevated
temperatures. Interestingly, the combination of blue shift and

notable change in peak shape does not noticeably influence the
CIE coordinates, as seen in Figure 3b. Analyzing the
temperature-dependent color shift through a three-step
MacAdam ellipse (white) based on the 300 K CIE coordinates
shows that the 100 K emission spectrum falls outside the room-
temperature MacAdam ellipse signifying the phosphor’s color at
low temperature will be distinguishable by the average human
eye.37 However, the CIE coordinates of the 500 K emission sit
on the edge of the room-temperature MacAdam ellipse,
indicating that there will be a just-noticeable color difference
of this phosphor going from room temperature (300 K) to a
device’s operating temperature (500 K).38 Moreover, the shift in
chromaticity coordinates from 300 to 500 K differ less than
0.015 as required by the Enterprise Europe Network.39 This
outcome is critical because it indicates that (Na1.92Eu0.04)-
MgPO4F has excellent chromaticity stability across the range of
temperatures typically experienced in an LED light bulb, further
enhancing the human visual experience.
A phosphor’s thermal stability can be quantified by the

temperature at which the emission intensity is 50% of the low-
temperature intensity, called the T50. The T50 of (Na1.92Eu0.04)-
MgPO4F was first determined by plotting the normalized,
integrated area of each emission peak, provided in Figure 4b.
The integrated area (blue, circle) remains steady until 200 K.
Increasing the temperature causes the intensity to rise,
presumably due to the release of electrons from defect trap
states that arise from the aliovalent substitution of Eu2+ for
Na+.40 This is corroborated by temperature-dependent ex-
citation measurements, which did not show a sufficient increase
in the UV absorption as a function of temperature (Figure S7).
Ultimately, this detrapping effect is beneficial and improves the
thermal stability of the phosphor. The intensity reaches a
maximum at 460 K, where the normalized, integrated intensity is
almost double the 80 K value. Because of the dramatic
detrapping in this phosphor, zero thermal quenching was
observed until 580 K. It is important to note that these trap states
do not induce persistent luminescence. Therefore, no residual
blue light will be observed once the excitation source is turned
off, minimizing exposure to blue light when integrated into an
LED bulb. Quenching begins beyond 580 K where the T50 was

Figure 4. (a) Emission spectra from 80 K (blue) to 640 K (red) under
365 nm excitation. (b) CIE color coordinates (×) of the emission at
100, 300, and 500 K and a three-step MacAdam ellipse (white) based
on the 300 K data. (c) Normalized, integrated intensity of the emission
as a function of temperature (blue) and the temperature-dependent
lifetime (red). The dashed line represents where the integrated
emission intensity and lifetime become 50% of the 80 K value.
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determined to be 634 K. Carrying out this measurement using
400 nm excitation shows a similar optical response, including a
T50 of 604 K (Figure S6). The ambiguity in the value of the T50
stems from the anomalous increase in intensity as a function of
temperature. It is known that luminescent lifetime is also
proportional to the internal PLQY; therefore, temperature-
dependent lifetime (red, square) was also conducted to
determine the T50.

41 The decay curves and biexponential fits
can be seen in Figure S8. The average lifetime at 80 K is 0.94 μs,
meaning that the T50 occurs when the lifetime is 0.47 μs,
approximated as the dashed line in Figure 4c. The T50 based on
the photoluminescence lifetime was determined to be 520 K,
which still surpasses the operating temperature of most LED
lights (423 K). The excellent thermal stability of this phosphor
makes it equally promising as a candidate for high-powered,
energy-efficient LED-based lighting.
3.3. Chemical Stability and Device Integration. The

harsh operating conditions experienced by a phosphor when
integrated into a LED bulb can drastically affect the material’s
optical properties. Under prolonged operation, phosphors such
as BAM:Eu2+ have been known to hydrolyze in the presence of
moisture and lose emission intensity due to oxidation of Eu2+ to
Eu3+.14,16,17 Therefore, the stability of (Na1.92Eu0.04)MgPO4F
against hydrolysis was investigated by dispersing the phosphor
powder in deionized water for 21 days and analyzing the powder
X-ray diffractograms, emission spectra, and PLQY. The powder
diffractogram and EDS analysis of (Na1.92Eu0.04)MgPO4F,
provided in Figure S9a and Table S4, respectively, indicate
that the crystal structure is not affected by water over the entire
period studied. This result is somewhat surprising considering
that many oxyfluor ides and fluor ides , inc luding
Sr3(AlO4F):Ce

3+ and the popular red-emitter K2SiF6:Mn4+,
degrade upon contact with moisture.5,42 Monitoring the
emission spectrum upon 365 nm excitation (Figure S9b) reveals
virtually no change in the peak shape, position, and full width at
half-maximum. Conducting the same water stability tests on
commercial-grade BAM:Eu2+ showed that the average structure
does not change, although the emission peak broadens by
approximately 4 nm (224 cm−1) (Figure S10). This is
comparable with a study done by Mishra and co-workers that
showed the emission peak to broaden and red-shift by
approximately 10 nm (330 cm−1).17 The quantum yield of the
commercial BAM:Eu2+ also did not show any significant change
as a result of the water exposure. Interestingly, the only
observable effect of hydration on (Na1.92Eu0.04)MgPO4F was a
slight increase in the measured internal PLQY, although this still
falls within the standard deviation of the measurements (Figure
5). These results ultimately indicate that the emission of
(Na1.92Eu0.04)MgPO4F is incredibly stable with respect to
moisture.
Fresh samples of (Na1.92Eu0.04)MgPO4F were also annealed in

air at 80, 120, 160, and 300 °C to determine the oxidation
resistance of this phosphor. The powder X-ray diffractograms
and optical characteristics were collected after sitting for 1, 3, 6,
12, 24, and 48 days at elevated temperatures. The crystal
structure (Figure S11) and composition (Table S5) remain
relatively unaffected after prolonged heating, irrespective of the
annealing temperature. Monitoring the photoluminescence
under 365 and 390 nm excitation showed that the emission
peak position and full width at half-maximum were nearly
constant even after annealing (Figures S12 and S13). However, a
closer analysis of the emission spectrum using 390 nm excitation
revealedminor Eu3+ emission peaks that increase in intensity as a

function of annealing time. The increased presence of Eu3+ from
the oxidation of Eu2+ after 48 days of annealing at 80, 120, and
160 °C causes the PLQY to decrease by∼25%. Annealing at 300
°C causes a 40% decrease (Figure 5).
Prolonged annealing of commercial-grade BAM:Eu2+ has also

been reported to cause rare-earth oxidation, leading to reduced
emission intensity, and, more critically, a blue shift in the
emission peak.17 To compare the oxidation resistance of the
fluorophosphate phosphor to present-day commercial-grade
BAM:Eu2+, the phosphor was annealed at 120, 160, and 300 °C.
The average crystal structure and optical characteristics were
monitored every 5 days. The results showed that the average
structure did not change (Figure S14) and annealing BAM:Eu2+

up to 120 °C had little effect on the emission spectrum.
Annealing at 160 and 300 °C, provided in Figure S15, caused the
emission peak to broaden as a function of temperature and
slightly red-shift. The most significant increase in full width at
half-maximum was by 4.5 nm (205 cm−1) after 20 days of
annealing at 300 °C. After 20 days of annealing, the quantum
yield remained robust to the oxidative environment by retaining
>90% efficiency (Figure S16). The incredible oxidation
resistance of commercial BAM:Eu2+ shows the feat of ≈15
years of industrial post-processing and material optimization.
Similar techniques could be applied to (Na1.92Eu0.04)MgPO4F to
improve the fluorophosphate’s chemical stability further and
allow it to be utilized as the blue emitter in violet LED-driven
devices for human-centric lighting.
Finally, to prove the capability of this phosphor in human-

centric light bulbs, a prototype device was constructed using a
violet (λem ≈ 405 nm) LED chip and a phosphor blend of the
title (Na1.92Eu0.04)MgPO4F phosphor, green-emitting β-SiAlO-
N:Eu2+, and red-emitting Sr2Si5N8:Eu

2+. These data were then
directly compared to a commercially available Soft White
Sylvania LED light bulb (CCT = 2700 K). Figure 6a shows the
full-spectrum white light from both devices. The full coverage
white light spectrum from the 405 nm LED-driven device is
made possible due to the broad emission band of (Na1.92Eu0.04)-
MgPO4F covering the blue and cyan region of the visible
spectrum. The Sylvania LED light bulb possesses a large cavity in
the cyan region due to the narrow LED emission.24 The CIE
coordinates of the violet LED (square) is (0.465, 0.421),
corresponding to a CCT of 2710 K, whereas the Sylvania bulb
(diamond) has coordinates of (0.449, 0.405) and a CCT of 2776
K (Figure 6b). Both devices are capable of producing a warm

Figure 5. Percent change in the internal PLQY after 21 days of water
immersion (orange diamond) and annealing at 80 °C (blue), 120 °C
(purple), 160 °C (maroon), and 300 °C (red) over 48 days.
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white light (inset, Figure 6b); yet, the device using
(Na1.92Eu0.04)MgPO4F has a significantly higher color rendering
index (CRI) of 93.4 compared to 83.4 from the Sylvania bulb.
Therefore, the violet-based light allows for an improved visual
experience. The luminous efficacy of radiation (LER) of the
prototype is 279 lm W−1 compared to 359 lm W−1 for the
Sylvania bulb, or 41 and 53%, respectively, of the ideal
monochromatic (555 nm) source.43 Considering that the device
created here differs by only 12% compared to a commercial bulb
supports the ability to replace 450 nm LEDS with 405 nm LEDS
for warm white lighting while maintaining energy efficiency. It is
important to note, however, that the LER was calculated based
on the radiant flux of the source. The radiant flux is dependent
upon the quality of the LED incorporated in the device and
directly affects the efficacy of the light.44 The LER is also highly
influenced by the Stokes shift. As a result, 405 nm LEDs are
penalized more than 450 nm LEDs due to the larger Stokes shift
experienced by violet LEDs. Considering these two factors, the
12% difference in the LER of both devices is inherent from the
differences in Stokes shift and may be further minimized by
utilizing higher-quality LEDs in future devices.
Finally, the production of a human-centric warm white light

can be analyzed through a wavelength-dependent melatonin
suppression curve (dashed). The blue light intensity from the
violet LED device is significantly less than the blue LED
emission from the Sylvania LED light bulb. This implies that
melatonin production will not be significantly disrupted using a
405 LED and Na2MgPO4F:Eu

+2 in the generation of a warm
white light. These results convey the capability of this prototype
device in producing a white light spectrum with drastically less
intense blue light without compromising on the excellent CRI
and CCT required for domestic lighting by utilizing
Na2MgPO4F:Eu

+2 as the blue emitter in violet LED-based
light bulbs.

4. CONCLUSIONS
In summary, Eu2+-substituted Na2MgPO4F was prepared
through a single-step solid-state reaction. Optical character-
ization indicates that Na2MgPO4F:Eu

2+ can be efficiently
excited by a violet LED to generate a bright blue emission
with a full width at half-maximum of 79 nm (3782 cm−1) and

room-temperature PLQY of 71.8(9)% upon 400 nm excitation.
Temperature-dependent luminescent measurements reveal trap
states that delay quenching until 580 K, making the emission
thermally robust. The stability of Na2MgPO4F:Eu

2+ with respect
to moisture and oxidation was analyzed, where the phosphor
showed negligible changes after prolonged exposure to water but
a 40% loss in PLQY after sitting at 300 °C for 48 days. Finally,
Na2MgPO4F:Eu

2+ was evaluated for human-centric lighting by
fabricating a prototype device driven by a 405 nm LED. The
device produced a superior warm white light (CCT = 2710 K)
compared to the purchased Soft White Sylvania LED light bulb.
Indeed, an exceptional color rendering index (Ra = 93) was
achieved while drastically decreasing the amount of blue
emission in the white light spectrum. The exceptional optical
properties of the Na2MgPO4F:Eu

2+ phosphor allow for the
production of warm human-centric lighting, effectively trans-
forming the future of LED-based lighting.
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